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Electromigration is a major road block on the way to realization of nanoelectronics. Determination of plastic deforma-
tion under high current density is critical for prediction of electromigration failure. A new displacement–diﬀusion coupled
model is proposed and implemented using ﬁnite element method. The model takes into account viscoplastic behavior of
solder alloys, as a result, vacancy concentration evolution and electromigration process are accurately simulated. Finite
element simulations were performed for lead-free solder joints under high current density and compared with experimental
moire´ interferometry measurements. The comparison validates the model.
 2006 Elsevier Ltd. All rights reserved.
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Electromigration is a major reliability concern for nanoelectronic packaging. This is especially true for sol-
der joints with a height below 10 micron, which are necessary for nanoelectronics packaging. Electromigration
is a biased diﬀusion process and the failure mechanism of electromigration is rather complicated in solder
alloys and is usually accompanied with micro structural evolution. However, the main failure phenomenon,
void nucleation due to electromigration, has a direct relationship with stress and strain (especially plastic
strain) state of the specimen (Goods and Brown, 1978; Gleixner and Nix, 1996). The state of stress during
the electromigration determines the counter ﬂow of mass due to inﬂuence of stress gradient and vacancy gra-
dient (Blech, 1998). Thus computational simulation of strain and stress evolution during electromigration is
essential for failure prediction. Some eﬀorts have been made to model and simulate stress evolution due to
electromigration, which include some analytical solutions and numerical implementations (Park et al.,
1999; Ye et al., 2003; Korhonen et al., 1993; Sarychev and Zhinikov, 1999). A big disadvantage of the models
available in the literature is that they treat materials as elastic for simpliﬁcation, although materials such as0020-7683/$ - see front matter  2006 Elsevier Ltd. All rights reserved.
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ment–diﬀusion model with nonlinear mechanical material properties (plasticity or viscoplasticity) is proposed
and implemented with ﬁnite element method. The ﬁnite element simulations of electromigration induced strain
ﬁelds in lead-free solders using this model are conducted. The simulation results are compared with experimen-
tal moire´ interferometry measurements.
2. Electromigration model formulation
A number of theoretical models have been developed to describe electromigration induced stress evolution
(Korhonen et al., 1993; Sarychev and Zhinikov, 1999). Here Sarychev and Zhinikov (1999) approach is adopt-
ed to model the vacancy diﬀusion under electromigration. The volumetric strain in the lattice caused by vacan-
cy divergence is comparable to traditional thermal volumetric strain. According to Sarychev and Zhinikov
(1999) theory in a lattice when an atom moves to a new site, due to electromigration forces, it leaves behind
a vacancy. The diﬀerence between the volume of an atom and the volume of a vacancy leads to volumetric
strain at that lattice site. The proposed solder alloy constitutive model has viscoplasticity with nonlinear iso-
tropic/kinematic hardening capabilities. A user deﬁned element subroutine is coded for ABAQUS (a general
purpose ﬁnite element software) to solve coupled equations of displacement and diﬀusion ﬁelds. The details of
ﬁnite element algorithm and formulation are presented in another paper (Lin and Basaran, 2005) and are
omitted here. Integration algorithm for nonlinear kinematic/isotropic hardening is based on Lubarda and
Benson (2002).
2.1. Governing equations
Electromigration is diﬀusion controlled mass transport process. It is governed by the following vacancy
conservation equation which is equivalent to mass conservation equationZ
v
Cv0
oc
ot
þr  q G
 
dV ¼ 0; ð1Þwhere Cv0 is equilibrium vacancy concentration in the absence of a stress ﬁeld, c is normalized vacancy con-
centration and c ¼ CvCv0, Cv is vacancy concentration, t is time, q is vacancy ﬂux, a vector and G is vacancy gen-
eration/annihilation rate.
Force equilibrium is governed by Cauchy’s equation of motion$  rþ k b ¼ kdv
dt
; ð2Þwhere r is stress tensor, k is material density, b body force vector and v displacement vector.
2.2. Constitutive equations
2.2.1. Diﬀusion model
Driving forces of vacancy ﬂux are (i) vacancy concentration gradient, (ii) electrical ﬁeld forces, (iii) stress
gradient and (iv) thermal gradient. The vacancy ﬂux is (Sarychev and Zhinikov, 1999; Basaran et al., 2003)q ¼ DvCv0 rcþ Z
e
kT
ðqjÞcþ cfX
kT
rrspherical þ c
kT 2
QrT
 
; ð3Þwhere Dv is vacancy diﬀusivity, Z* is vacancy eﬀective charge number, e is electron charge, q is metal resistiv-
ity, j is current density (vector), f is vacancy relaxation ratio, ratio of atomic volume to the volume of a vacan-
cy, X is atomic volume, k is Boltzmann’s constant, T is absolute temperature, rspherical is spherical part of stress
tensor, rspherical = trace(rij)/3 and Q* is heat of transport, the isothermal heat transmitted by moving the atom
in the process of jumping a lattice site less the intrinsic enthalpy.
The stress-vacancy relationship is represented by vacancy generation/annihilation rate which is given by
(Sarychev and Zhinikov, 1999)
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ð1f ÞXrspherical
kT is normalized thermodynamic equilibrium vacancy concentration, ss is characteristic
vacancy generation/annihilation time.
2.2.2. Displacement model
The stress–strain constitutive model is established on small strain assumption,r ¼ Cðetotal  eviscoplastic  eelectromigration  ethermalÞ; ð5Þ
where C ¼ j1 1þ 2lðI  1
3
1 1Þ and j is bulk modulus, l is shear modulus; andI ¼
1 0 0 0 0 0
0 1 0 0 0 0
0 0 1 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
2
666666664
3
777777775
; 1 ¼
1
1
1
0
0
0
2
666666664
3
777777775
:Thermal strain is included as a ﬁeld variable in current formulation. In the system under high current den-
sity, thermal equilibrium is reached much faster than diﬀusion process. Therefore, thermal analysis and diﬀu-
sion analyses can be done separately, in a sequence, rather than concurrently. Thus the thermal strain can
easily be added into the simulation from the results of an independent thermal-displacement analysis. The
same approach is taken also for de-coupling electromagnetic ﬁeld analysis from diﬀusion analysis. Current
density is not uniform in the solder joint. Hence an electromagnetic ﬁeld analysis is conducted ﬁrst to deter-
mine the current density distribution in the solder joint, which results are then used as an input for a coupled
displacement–diﬀusion analysis.
Itemized strain components are given as follows:etotal ¼ 1
3
etracetotal  1þ edevtotal; ð6Þ
eviscoplastic ¼ 1
3
etraceviscoplastic  1þ edevviscoplastic ¼ edevviscoplastic; ð7Þ
eelectromigration ¼ 1
3
etraceelectromigration:1þ edevelectromigartion ¼
1
3
etraceelectromigration:1; ð8Þ
ethermal ¼ 1
3
etracethermal  1þ edevthermal ¼
1
3
etracethermal: ð9ÞSubstituting Eqs. (6)–(9) into Eq. (10) obtainr ¼ j  ðetracetotal  etraceelectromigration  etracethermalÞ  1þ 2lðedevtotal  edevviscoplasticÞ; ð10Þ
where etraceelectromigration is described by following equation (Sarychev and Zhinikov, 1999):oetraceelectromigration
ot
¼ XCv0ðfrqþ f 0GÞ; ð11Þ
f 0 ¼ 1 f :According to Sarychev and Zhinikov (1999) it is assumed that when an atom is replaced by a vacancy there
is a local spherical strain introduced at that atomic lattice site due to diﬀerence between the volume of an atom
and volume of a vacancy. Electromigration introduced strain happens due to following reasons:
(1) vacancy ﬂux divergence,
(2) vacancy generation.
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ot
¼ XCv0 G f ocot
 
¼ XCv0 e
ð1f ÞXrspherical
kT  c
ss
 f oc
ot
 !
: ð12ÞEqs. (10) and (12) plus J2 plastic ﬂow theory combined together yield the constitutive material behavior.
Neu et al. (2000) proposed a viscoplastic ﬂow rule for Sn–Ag lead-free solder alloys based on McDowell’s
(1992) Uniﬁed Creep Plasticity (UCP) model_edevviscoplastic ¼ A
hF i
Dr
 n
exp
F
Dr
 nþ1" #
eQ=Rh
oF
or
; ð13Þwhere the material parameters are deﬁned as follows: A is a dimensionless material parameter to describe the
strain rate sensitivity, eð
Q
RhÞ is a Arrhenius exponential for temperature dependency, Q is the creep activation
energy for plastic ﬂow; R is the universal gas constant = 8.314 J/K mol = 8.314 N mm/K molh: absolute tem-
perature in Kelvin; Dr: Creep drag strength, F is a over stress deﬁned as F = kS  Xk  K(a), S is a deviatoric
stress tensor is given by S ¼ r 1
3
TrðrÞ1, n is a stress exponent for viscoplastic deformation rate.
Neu et al.’s (2000) model uses a rather complicated back stress evolution function, after simpliﬁcation, we
propose using the following hardening evolution. Ignoring long range term, which is negligible compared with
other terms, in the back stress evolution function. a kinematic hardening function similar to the one proposed
by Armstrong and Frederick (1966) and Chaboche (1989) is obtained:_a ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2
3
_edevviscoplastic  _edevviscoplastic
r
; ð14Þ
_X ¼ C1 _edevviscoplastic  C2X _a; ð15Þ
where c1 is linear kinematic hardening constant, c2 is nonlinear kinematic hardening constant, _edevviscoplastic is
viscoplastic strain rate tensor, X is a back stress tensor deﬁning the displacement of the center of the yield sur-
face in the deviatoric stress space.
K(a) represents the isotropic hardening component deﬁning the radius of the yield surface in stress space.
3. Finite element simulation
The test data used for validation was provided by Ye et al. (2003, 2004). Using the high sensitivity moire´
interferometry technique, in situ displacement ﬁelds were recorded during the electrical current loading. In the
following section, the moire´ interferometry results and ﬁnite element simulation results are compared for dis-
placement and strain ﬁelds.
3.1. Test vehicle assembly
Test sample details are shown in Figs. 1 and 2 where the optical table under the specimen is not shown. By
means of optical diﬀraction grating attached on the surface of solder joints the images of the fringes are
recorded in situ in real time throughout the whole current stressing process. The temperature ﬂuctuation is
controlled within 4 (Ye et al., in press).
3.2. 2 Finite element model
Finite element model is shown in Fig. 3. Copper plates and solder joints are modeled with 8 node plain
strain element with thickness.
Copper plate thickness is 40 times the solder joint’s thickness. Displacement boundary conditions at the left
and right ends of copper plates are ﬁxed in both horizontal, 1, (x) and vertical, 2, (y) directions. The diﬀusion
boundary conditions between copper and solder joint are considered to be free. This means copper plate and
Fig. 1. Test sample detail.
Fig. 2. Electrical connection for test sample.
Fig. 3. Finite element mesh.
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part of the paper.
3.3. Determination of material properties
95.5Sn/4Ag/0.5Cu lead-free solder is used in the tests. Sn is considered to be main diﬀusion specie (Ye,
2004).
3.3.1. Mechanical material properties
For lead-free solder, the mechanical material properties of the solder alloy are obtained from Neu et al.
(2000). Elastic properties as well as kinematic hardening parameters and viscoplastic ﬂow function parameters
are shown in Table 1.
Table 1
Kinematic hardening and viscoplastic ﬂow function parameters
Parameter Value
Young’s Modulus E(T) = 45.0  9.0 tanh[0.028 (T(K)  298)] GPa
Poisson ratio 0.4
Uniaxial yield stress 3.0 MPa
c1 (MPa) 9626.5
c2 725.1
Dr 3.0 MPa
n 3
A 0.55
Q (kJ/mol) 50.0
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3.3.2.1. Equilibrium vacancy concentration. The atomic volume, X, of tin is 16.3 cm3/mol or 2.71 · 1023 cm3/
atom. The atomic concentration, Ca, of tin is 3.69 · 1022/cm3. The equilibrium vacancy concentration at a
stress-free state is reported as by Balzer and Sigvaldason (1979), or Cv0 = 1.11 · 1018/cm3.
3.3.2.2. Vacancy diﬀusivity. Pure tin grain boundary diﬀusivity is reported by Prabjit and Milton (1984) by
assuming a grain boundary width of 0.5 nmDgb ¼ ð4:9þ15:63:7 Þ exp½ð11700  840 cal=molÞ=RT cm2=s
where R = 8.3145 J/mol K = 1.987 cal/mol, is gas constant, and T is absolute temperature. Diﬀusivity at grain
boundary for tin is larger than lattice diﬀusivity by an order of magnitude, therefore in this simulation, the
grain boundary diﬀusion is assumed to be the main diﬀusion mechanism in electromigration. By assuming
an average grain size of d = 300 nm (Prabjit and Milton, 1984), the eﬀective atomic diﬀusivity is thus found
to beDa ¼ dd Dgb ¼
0:5 nm
300 nm
 4:9 expð11700 cal=RT Þ cm2=s:At 300 K, Da is calculated to be 2.97 · 1011 cm2/s. The vacancy diﬀusivity is calculated from the relation
Clement and Thompson, 1995, DaCa = DvCv, at the stress-free state. By assuming Balzer and Sigvaldason,
1979, Dv = Da /(3 · 105) = 1 · 106 cm2/s is derived and used in the following simulations.
3.3.2.3. Eﬀective charge number Z*. The eﬀective charge number of lead-free solder alloy is chosen as 10 at
30 C (measured stressing temperature), Prabjit and Milton, 1984. This negative eﬀective charge number is for
the atoms in the solder, indicating that the atoms are actually migrating in the opposite direction of electric
current. Since the vacancy migrates in the opposite direction of the moving atom, the eﬀective charge number
for the vacancy is positive. Therefore, in the simulation the eﬀective charge number of vacancy is taken as 10.
3.3.2.4. Other simulation parameters for lead-free solder alloy. All the material parameters regarding diﬀusion
are summarized below in Table 2.
4. Numerical simulation results
4.1. Numerical simulation Case 1
For this case study, the electrical current density is 1.12 · 104 A/cm2. The current direction is from top to
bottom. The solder joint has a non uniform thickness, as a result the current density is not constant along the
height of the solder joint. This gradient of current density is taken into consideration in the numerical simu-
lation and it turns out that, current density gradient is an essential part of loading. Non uniform thickness of
solder joint is shown in Fig. 4.
The variation of the thickness of solder joint along its height can be formulated as
Table 2
Diﬀusion materials parameters
Temperature 303 K
ss = Vacancy relaxation time (TS) 1.8E3 s (Sarychev and Zhinikov, 1999)
Diﬀusivity (D) 100.0 lm2 s1
Eﬀective charge number (Z*) 10
Electrical resistivity (q) 1.15E5 Xcm
Average vacancy relaxation ratio (f) 0.6 (Sarychev and Zhinikov, 1999)
Atomic volume of tin (X) 2.71E11 lm3
Initial vacancy concentration (Cv0) 1.11E6 lm
3 (Balzer and Sigvaldason, 1979)
Boltzmann constant 8.62 · 105 eV/atom K = 1.38 · 1023 J/K
Universal gas constant 8.31 J/mol K
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Fig. 4. (a) Optical microscopic image of the solder joint. (b) Thickness variation along the height of the solder joint used in the simulation.
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0:1
 2" #
; ð16Þwhere y is the distance from the bottom of the solder joint. The current density variation along the height of
the solder joint can be given by the following polynomialj ¼ 1:12 104= 1þ 2:5 y  0:05
0:1
 2" #
ðA=cm2Þ: ð17ÞIn order to prove the accuracy of current distribution function given in Eq. (17), a 3D electromagnetic anal-
ysis is performed using ABAQUS. The steady state result of electrical potential is shown in Fig. 5. The FE
analysis veriﬁed that the current density formulation above is close to real distribution.
High sensitivity moire´ interferometry technique is used for measuring displacement ﬁeld during loading.
The measured displacement ﬁelds in the solder joint is represented by the fringe ﬁelds, shown in Figs. 6a
and b. Figs. 6d and e show deformation ﬁeld results for numerical simulation after 600 h of current testing.
In Fig. 6, displacement contours have the unit of micron. The displacement ﬁeld predicted by numerical anal-
ysis and test data are close to each other. From the deformation mode of the solder joint shown in Fig. 6f, it is
obvious that, the upper part of solder joint is in expansion and lower part of solder is in contraction. This can
be explained by looking at the current density distribution which correspondence to the solder joint thickness
distribution shown in Fig. 4b. In Fig. 4, current density reach a maximum value around y = 0.5 mm. Accord-
ing to Eq. (3), vacancy ﬂux is proportional to current density, The vacancy ﬂux increases and reaches maxi-
mum value around y = 0.5 mm. At the upper part of solder joint, the vacancy ﬂux is smaller than vacancy ﬂux
at the lower part. The vacancy ﬂow is in the same direction as current direction (from top to bottom), this
means more vacancy is leaving out upper part than coming in, and as a result there exists a positive vacancy
ﬂux divergence at the upper part. The mass accumulation at the upper part of the solder joint results in expan-
sion. The opposite happens in the lower part of the solder joint. In this simulation, since the vacancy ﬂux
Fig. 5. Steady state electrical potential distribution for solder joint.
Fig. 6. (a) U-ﬁeld test result. (b) V-ﬁeld test result after 600 h. (c) Thickness proﬁle of the solder joint. (d) U ﬁeld (horizontal relative
displacement) simulation results. (e) V ﬁeld (vertical relative displacement) simulation result. (f) Deformation of simulation result.
(Displacement unit for contours given in (d and e) is micron.) In moire´ interferometry u and v ﬁelds refer to horizontal and vertical relative
displacement ﬁelds, respectively.
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deformation is not determined by the blocking boundary conditions, instead it is determined by current den-
sity gradient or so-called current crowding eﬀect (Tu, 2003, 2004).
Relative displacements along vertical 2 (y) direction (V ﬁeld) between Points C and D (points depicted in
Fig. 6b) are shown in Figs. 7a and b. Fig. 7c shows relative horizontal deformation (U ﬁeld) between points A
and B. The simulation successfully predicts U and V ﬁeld evolution and spatial distribution. Fig. 8 shows a
comparison of FE simulation and moire´ measurements for vertical (axis 2 in Fig. 3) strain distribution along
the height of the solder joint.
Blech and Herring (1976) was ﬁrst to prove the existence of counter vacancy ﬂow by spherical stress gra-
dient and vacancy gradient during electromigration. Fig. 9 indicates that the forces generated by vacancy gra-
dient and spherical stress gradient are in the opposite direction of electrical current driving force. In order to
estimate the magnitude of the forces generated by those three factors, a simple calculation is performed. The
gradients are calculated based on the data provided by Fig. 9 as follows:Fig. 7.
betweeVacancy concentration gradient force; rc ¼ 1:03 0:901500 ¼ 8:67 10
5ð1=lmÞ;
Stress gradient force
cfX
kT
rrspherical ¼ 1:0  0:6  2:71 10
11
1:38 1011  300
1 ð12Þ
1500 lm ¼ 3:405 10
5ð1=lmÞ;
Electrical current field force
Ze
kT
ðqjÞc ¼ 10  1:602 10
19
1:38 1011  300  1:15 10
11  1:12 104  1:0
¼ 4:984 103ð1=lmÞ:(a) Relative V ﬁeld distribution along Y axis between Points D and C after 600 h. (b) Relative V ﬁeld displacement evolution
n Points D and C. (c) Relative U ﬁeld displacement evolution between Points A and B.
Fig. 8. Strain_Y distribution along line CD after 600 h.
Fig. 9. Normalized vacancy concentration and spherical stress simulation results after 600 h.
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rent ﬁeld forces, according to above calculations. This is because of the dimension of the solder joint is large
compared to 100 microns diameter found in ﬂip chip solder joints. Diﬀusion in the bigger solder joints takes
much longer time and also the gradient depends on dimension of the solder joint. Moreover the non blocking
boundary conditions contribute to this small gradient of force and vacancy concentration. So the critical stress
points (where stress driven migration stops electromigration) as stated in Blech’s paper Blech, 1998 cannot be
reached in this system. But this does not mean that steady state cannot be reached, the solder joints will reach
a steady state once all the diﬀusion caused deformations cease to grow inside the solder. At the steady state
although vacancy ﬂux still exists, the vacancy ﬂux divergence is zero everywhere.
Fig. 10 shows the total strain ﬁeld distributions in horizontal 1 (X), and vertical 2 (Y) directions and shear
strain. Shear strain is highly localized at the corners of solder joints and is very small at other parts of the
solder joint.
In Fig. 10, the location where the strains in direction 1 (X) and direction 2 (Y) both equal to zero is a neutral
axis. This corresponds to y = 0.5 mm where current density gradient is zero. This again proves that the defor-
mation is primarily due to current crowding eﬀect.
The biggest advantage of the proposed model is taking into accounts plastic deformation. Fig. 11 shows the
plastic strain in X, Y directions and plastic shear strain. The major plastic strain direction is on Y direction
which corresponds to major loading direction. The maximum plastic strain of Y is on the order of 3.3%. Plas-
tic shear strain appears the same highly localized behavior as total shear strain.
Fig. 10. Total strain ﬁeld distributions after 600 h of current stressing.
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curves for 1000 h of simulation are shown in Fig. 12. The stress and strain data shown in Fig. 12 is for point C
(deﬁned in Fig. 6b). Here tension stress is positive and compression is negative. We can clearly see the non-
linear behavior in Fig. 12. Mass depletion happens at point C due to current direction and current crowding.
Since the conﬁnement of copper plate in direction 1 (X) is very strong, the stress in X direction is major force
here and it resists the contraction of solder and solder joint appears to be as in tension. Stress in Y direction
appears tension ﬁrst due to the conﬁnement in Y direction then it turns into compression. This can be
explained as follows. Two copper plates can be viewed as two cantilever beams, in Y direction, it allows
the solder joint to deform vertically but horizontal they provide much stronger conﬁnement. As time evolves,
eventually stress in Y direction is dominated by the stress in X direction due to Poisson’s eﬀect and becomes
compression. The stress at X direction is one order of magnitude larger than stress at Y direction from Fig. 12.
Shear stress strain curve appears softening due the viscoplastic nature of stress relaxation.4.2. Numerical simulation case 2
The current loading proﬁle for case 2 is as follows:
The thickness distribution along the vertical Y axis isW thickness ¼ 0:025 1þ 0:5 y  0:1
0:1
 2 !
ðA=cm2Þ ð18Þ
Fig. 11. Plastic strain deformation ﬁelds after 600 h.
Fig. 12. Strain–stress evolutions for 1000 h simulation.
4920 C. Basaran, M. Lin / International Journal of Solids and Structures 44 (2007) 4909–4924average current density is 6000 A/cm2. The current density distribution isj ¼ 0:6 104= 1þ 0:5 y  0:1
0:1
 2 !
ðA=cm2Þ: ð19ÞThe neutral axis is around y = 1 mm for the current density distribution shown above. The current density
in case 2 is smaller than the case 1 and the current crowding eﬀect is weaker than case 1.
The displacement ﬁelds shown in Fig. 13 is similar to case 1 where as in solder joint 1, the upper part of
solder joint (anode) is in expansion and lower part of solder joint is in contraction in X direction. The relative
Fig. 13. Displacement ﬁelds distribution for solder joint 2 after 200 h.
Fig. 14. Normalize vacancy concentration and spherical stress for solder 2 after 200 h.
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moire´ interferometry measured value is 0.834 lm. Relative displacement between points A and B is 0.5233 lm
and moire´e´ measured value is 0.834 lm. Since precision of Moire´ interferometry limited by the frequency of
the diﬀraction grating (1200 lines/mm) which is 0.417 lm per fringe order, the discrepancy between test and
simulation is within the error limit of moire´ interferometry technique. The displacement in case 2 is smaller
than case 1 because of current density and current density gradient are both smaller than case 1.
Normalized vacancy concentration and spherical stress distributions after 200 h of current stressing for case
2 are shown in Fig. 14. The driving forces by spherical stress gradient and vacancy gradient are on the opposite
direction of current driving forces as expected. Fig. 15 shows the strain ﬁelds including total strains and plastic
strains for case 2 after 200 h. Around y = 1 mm horizontal line, strains are zero as expected since at this loca-
tion the gradient of current density is zero. The order of plastic strain ﬁelds and shear total strain are in the
range of 1 · 104. The total strain ﬁelds except shear plastic strain are on the order of 1 · 103.
Fig. 16 shows the total strain and stress evolution curves for case 2 at 250 h of current loading at point C.
All three components of stresses exhibit the same hardening behavior after yielding. The mechanical behaviors
of lead-free solder joints are consistent by comparing stress strain curves shown in Fig. 12 with Fig. 16.5. Conclusions
A constitutive model for electromigration induced deformation is proposed and implemented in ABAQUS.
Simulations are performed for lead-free solder joints under high current density loadings. By incorporating
plasticity into electromigration model, this model has the capability of simulating proper mechanical response
Fig. 15. Strain ﬁelds distribution after 200 h for solder 2.
Fig. 16. Stress–strain evolution of solder 2 for 250 h current loading.
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gration. Most importantly this study shows that contrary to popular belief, there is signiﬁcant plasticity due to
electromigration.
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with experimental moire´ interferometry measurements. The comparisons indicate that there is a very good
match between simulation and test results. The simulation conﬁrmed that current density gradient (current
crowding) is the major source of ﬂux divergence under non blocking boundary conditions. A 3D electromag-
netic steady state analysis is performed to verify the current density proﬁle. The non-blocking boundary con-
dition is due to the fact that copper inter diﬀuses with tin to form intermetalic compounds (Choi et al., 2002).
With the proper consideration for material mechanical behavior, the stress and vacancy distribution can be
simulated with a high degree of conﬁdence. This will improve the electromigration simulation accuracy and
gives us a tool for prediction and veriﬁcation of certain material properties related to electromigration, for
example, the determination of eﬀective charge number. Parametric study can be utilized to obtain value of
eﬀective charge number to match up with experimental observation.
The simulation of plastic strain and stress behavior also reveals material damage evolution process. Both
stress and plastic strain are related to damage of material. The simulation thus can be utilized to simulate
material degradation process with certain damage criteria (Basaran et al., 2003). Numerical analysis error
in this analysis may come from several aspects
(1) Material parameters, like diﬀusivity and eﬀective charge number values scatter a lot in the literature.
This can be improved by comparing more test and simulation cases to reach certain conﬁdence in material
parameters. Unfortunately there is very little data, if any, on electromigration of lead-free solder alloys.
(2) Structure modeling, using plain strain with thickness brings some degree of error. A 3D analysis would
improve the result it but is much more time consuming.
(3) Numerical error inherited in ﬁnite element simulation, which can be improved with ﬁner mesh but also
requires more computational time. This is veriﬁed by mesh sensitivity analysis conducted for aluminum elec-
tromigration cases (Lin and Basaran, 2005).
(4) Microstructural evolution and its inﬂuence are not taken into account in the current model and future
development on this aspect is under way.Acknowledgement
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